Integration of bioactuators in engineered microstructures is expected to be beneficial to further miniaturize and functionalize microelectromechanical systems. However, it is difficult to achieve reciprocation of micro-objects with common biological motors, although reciprocating movement is an important mechanism in constructing micromechanical systems. The ciliate protozoan Vorticella convallaria possesses a contractile filamentous stalk approximately 100 µm long, of which the contraction-extension cycle has the potential of being used as a linear reciprocating machine. In this study, we used polylysine (PLL) to attach micro-objects to Vorticella convallaria with the purpose of reciprocating the objects by contracting and extending the Vorticella cells. Two types of micro-objects, namely, polystyrene microspheres and glass grits, were coated with positively charged PLL and attached by electrostatic interaction to negatively charged V. convallaria. We characterized the adhesive performance and analyzed the movement of the objects by optical microscope observation. Microspheres of diameter 21 µm were moved back and forth by the contraction and extension of V. convallaria. Comparison of the adhesiveness of PLL-coated and COOH-terminated spheres confirmed the effectiveness of our attachment and actuation method. The grits were actuated in various ways depending on their size, the point of attachment to V. convallaria, and the number of cells. The typical motions were linear and rotational and were propelled by a few cells. V. convallaria cells displaced thin glass grits of thickness up to tens of micrometers. The adhesive force and the drag forces were estimated hydrodynamically. The implemented reciprocating motion can be applied to biohybrid microfluidic systems.
Introduction
Actuators fabricated by microelectromechanical technology are used in microsystems (Bell, et al., 2005 , Judy, 2001 . Such actuators-including electrostatic, thermal, and magnetic actuators-require external control systems and power supplies, which increase their overall size. This has given rise to the need for miniaturization, for which purpose biological motors have been considered (Martel, 2012) . Biological cells convert in situ chemical energy to mechanical motion and can therefore be used as actuators (Fletcher and Theriot, 2004) . Autonomous cellular movement is available for autonomous operation of microsystems. If the control system for bioactuators is required, liquid handling via on-chip control circuits (Nguyen, et al., 2012) can integrate the system into a chip. The advantage of this concept is that it eliminates the need to use external driving circuits and control circuits, adding new functions. It is therefore possible to further miniaturize and functionalize microelectromechanical systems by integrating bioactuators in engineered microstructures. In this application, the cells perceive external signals that trigger their response. This integration of biological cells in microsystems affords portability, autonomous operation, self-organization, and self-healing that are not obtained in conventional microsystems.
Examples of such biohybrid systems are micropumps driven by cardiomyocytes (Tanaka, et al., 2006) and an optical device driven by motor proteins (Aoyama, et al., 2013) . Actuation of micrometer-sized objects by biological motors interfaced with artificial structures has been studied for the construction of biohybrid micromechanical systems. The objects were transported by biomolecular motors (Böhm, et al., 2001, Limberis and Stewart, 2000) , bacteria (Cho, et al., 2012 , Hiratsuka, et al., 2006 , Sahari, et al., 2012 , and algae (Weibel, et al., 2005) . Although reciprocating movement is an important mechanism in building micromechanical systems, it is difficult to achieve reciprocation of micro-objects with the abovementioned biological motors because of their motility characteristics.
The ciliate protozoan Vorticella convallaria possesses a contractile filamentous stalk approximately 100 µm long (Nagai, et al., 2010a , Ryu and Matsudaira, 2010 , Upadhyaya, et al., 2008 , of which the contraction-extension cycle has the potential to be used as a linear reciprocating machine. After the permeabilization of the membrane of a Vorticella cell, increasing the concentration of the calcium ions (Ca 2+ ) to 10 -6 M induces the contraction of the stalk, whereas reducing the concentration induces extension (Ochiai, et al., 1979 , Townes and Brown, 1965 , Weis-Fogh and Amos, 1972 . In other words, the length of the stalk can be controlled by changing the concentration of the ions. This enables the stalk to be used as a controllable linear actuator in microsystems employed to generate reciprocating motion. Previously, actuation of a particle of diameter 8 µm by live Vorticella sp. has been demonstrated by using a combination of adhesive protein, streptavidin, and biotin (Nagai, et al., 2009 ). However, micro-objects larger than these particles of diameter 8 µm have not been actuated, because of the lack of appropriate binding methods. Increasing the size limitation of objects will extend the range of micromechanical applications.
We have developed a method of reciprocating micro-objects by cells of V. convallaria by using polylysine (PLL) as an adhesive material. This binding method provides a simple and practical adhesion method that may be used for larger objects. In this paper, we characterize the adhesive performance of PLL and analyze the movement of objects coated with PLL by optical microscope observation. We demonstrate the reciprocation of microspheres of diameter 21 µm and glass grits with submillimeter dimensions by V. convallaria.
Experimental methods

Preparation of PLL-coated microspheres and glass grits
Our proposed adhesion method uses PLL. It is known that different types of cells such as mammalian cells (Khademhosseini, et al., 2004) , ameba (Mazia, et al., 1975) , and bacteria (Cho, et al., 2012 , Rozhok, et al., 2005 , Sahari, et al., 2012 can adhere to a PLL-coated surface. We used the attachment mechanism to reciprocate micrometer-and submillimeter-sized objects. As shown in Fig. 1 , the PLL-coated particles were positively charged. The negatively charged V. convallaria therefore adhered to the particles by electrostatic force.
We coated carboxyl-modified polystyrene microspheres (φ20.54 µm, solid 9.1% (v/v), PC07N, Bangs Laboratories, Inc., IN, USA) with PLL. The particles were centrifuged at 2000 g for 1 min. The supernatant was discarded, and the spheres were washed with pure water. The concentration of the spheres was then adjusted to 0.81% (v/v), after which they were placed in a 0.01% PLL solution (molecular weight: 150-300 kDa, P4832, Sigma Aldrich, MO, USA) and stored overnight at 4°C. They were subsequently washed in an inorganic medium (IM; 0.25 mM MgSO 4 , 0.25 mM NaCl) by centrifuging at 2000 g for 1 min. The supernatant was discarded three times to remove excess PLL. The final concentration of the PLL-coated spheres was 0.020% (v/v), and they were then dispersed in an IM buffer.
Glass grits of various sizes were also coated with PLL. Flakes of a coverslip (thickness No.1; 0.12-0.17 mm, Fig. 1 Schematic of the method of coating a particle with polylysine and attaching the polylysine-coated particle to Vorticella convallaria by electrostatic interaction.
Matsunami Glass Industries, Ltd., Osaka, Japan) were placed in a 1.5 mL microtube and crushed with the tip of a plastic pipette until micrometer and submillimeter glass grits were obtained. The glass grits were washed in potassium hydroxide solution in a tube over one day to clean their surfaces, and then washed with pure water to sufficiently reduce the hydroxide ions. They were then coated with PLL by agitation in a 0.01% PLL solution at room temperature for 2 h. The grits were subsequently washed three times using an IM buffer and then stored in the same buffer.
Attachment of microspheres and glass grits to Vorticella
For the attachment of the PLL-coated objects, V. convallaria were cultured at 20°C on two types of substrates, namely, a polystyrene dish and an 18 mm × 18 mm coverslip. Extraction from wheat grass powder (Pines International, Lawrence, KS, USA) was used to produce the culture medium. The wheat grass powder was autoclaved in deionized water and then filtered. The final concentration of the medium was adjusted to 2.0 g/L.
The PLL-coated spheres and glass grits were mixed with V. convallaria for the attachment. For the injection of the microspheres, a flow chamber containing V. convallaria was built with two 18 mm × 18 mm coverslips. The cells adhered to one of the coverslips, which was then placed at the top of the chamber. Another 24 mm × 36 mm coverslip was placed at the bottom. The cells in the chamber were washed three times using the IM buffer, after which the spheres were injected into them. The mixture was stored for 10 min, after which the cells were washed again three times using the IM buffer before observation. As a negative control, spheres without PLL coating were also injected into the cells to study their adhesion to V. convallaria. For the injection of the glass grits, V. convallaria were cultured in polystyrene dishes that had been washed three times using the IM buffer. The PLL-coated glass grits were then mixed with V. convallaria in the dish.
We used an optical microscope to examine the attachment of the two materials-the carboxyl-modified polystyrene microspheres and the glass grits-to the V. convallaria cells. The attachment and the motion of V. convallaria were observed by using the transmitted light of an inverted microscope (IX71; Olympus, Tokyo, Japan) equipped with a ×10 or ×40 objective lens (UPlanSApo; Olympus, Tokyo, Japan) and a cooled charge-coupled device camera (Cascade II: 512; Photometrics, AZ, USA). The trajectories of the objects were tracked by analyzing the obtained images using image analysis software (ImageJ).
Results and discussion
Actuation of PLL-coated microspheres and characteristics of adhesive performance of PLL
The PLL-coated spheres of diameter 21 µm attached themselves to the V. convallaria cells. Figure 2 shows the reciprocating motion of a single sphere attached to V. convallaria. The sphere moved with the contraction and extension of the cell. The contraction finished within one video recording interval of 33 ms. Here we quantify the adhesive force of a sphere using PLL. The adhesive force of a single sphere was calculated from the Stokes' drag at low Reynolds number. The frictional force on the single sphere is given by F d = 6πµRU, where µ is the viscosity of water at 25°C (0.89 mPa s); R is the radius of the sphere (10.3 µm); and U is the velocity of the sphere (1.4 mm/s). The velocity is calculated from the displacement (46 µm) and the time interval (33 ms). The adhesive force of the sphere is estimated to be more than 0.24 nN, considering that the speed of the contraction and extension was as high as several centimeters per second (Upadhyaya, et al., 2008) . Therefore the spheres must have strongly attached to the cell.
Between one and eight spheres attached themselves to each V. convallaria cell (Fig. 3) , and the average number per Fig. 2 Micrographs showing back-and-forth actuation of a polylysine-coated polystyrene particle of diameter 21 µm by Vorticella convallaria during contraction and extension.
cell was 1.79 (n = 82). The percentage of cells with one or two spheres attached to them was 55% (45/82). However, the carboxylate spheres without PLL coating (n = 100) did not move with the contraction and extension of V. convallaria, which indicates that they did not adhere to the cells. The adhesion was so weak that the flow generated by the cilia detached the spheres. The nonadhesion of the spheres was because of their COOH-terminated surfaces (hydrophilicity and negative zeta potential). The use of positively charged particles such as amine-terminated spheres will support our adhesive mechanism. The chance of contacting the glass substrate increased with increasing the number of the attached spheres. The attachment of multiple PLL-coated spheres to a single cell of V. convallaria disturbed the contraction and extension of the cell because of the simultaneous adhesion of PLL to the glass substrate. The multiple spheres changed the course of stalk extension as shown in Fig. 3(b) . The adhesive force between the spheres and the substrate can be reduced by the preparation of trench structures and the treatment of the partial surfaces. Some PLL-coated particles and cells of V. convallaria also aggregated because of the adhesive force-a phenomenon that may interrupt the operation of a microsystem. The aggregation can be resolved by using a microfluidic system to regulate the number of spheres attached to a cell.
The molecular weight of PLL, which is commercially available, varies widely (10 3 -10 5 kDa), and the efficiency of the attachment to glass increases with the molecular weight. This method of attachment requires only the surface treatment of the adhering particles, whereas the previously reported streptavidin-biotin binding method (Nagai, et al., 2009 ) requires the biotinylation of Vorticella sp. in addition to the streptavidin coating of the particles. Different material surfaces and objects of different sizes can be functionalized by using PLL and V. convallaria.
Actuation of glass grits by Vorticella
The adhesiveness of the PLL-coated objects was successfully extended to larger glass grits. The grits were actuated in various ways depending on their size, the point of attachment to V. convallaria, and the number of cells. The typical motions were linear and rotational and were propelled by a few cells.
The movement of the cells in one direction linearly actuated the grits repetitively. For example, three V. convallaria cells actuated a glass grit of width 50 µm (Fig. 4) . Additionally, by the principle of leverage, the approximately 40 µm movement of another cell in the X-direction (see Fig. 4(b) ) resulted in the movement of a glass grit by approximately 120 µm. Figure 4(b) is a schematic depiction of the relative positions of the cell and the grit. The endpoint of the cell was attached to the middle of the grit, which was the point of effort. The grit acted as a lever with its fulcrum on the dish. The mechanism can be used to enhance the displacement of the Vorticella cell in a microsystem. The contraction of one cell stimulated the contraction of two other cells, and the motions of the three cells were synchronized. Such stimulation is transmitted through a glass grit or the fluid. Generally, a living Vorticella cell synchronizes its contraction with those of adjacent cells. These synchronized motions increase the total generated force and can be exploited in systems powered by coordinated motion.
We consider a drag force on the glass grit and estimate the generated force. The glass grit is modeled as a thin circular disk with a diameter of 50 µm. The drag force on the object for motions perpendicular to the plane was calculated by F d = 16µRU (Lamb, 1932, Landau and Lifshitz, 1987) , where µ is the viscosity of water at 25°C (0.89 mPa s); R is the radius of the grit (25 µm); and U is the velocity of the grit (2.3 mm/s). The velocity is calculated from the displacement of the midpoint (76 µm) and the time interval (33 ms). We obtain the drag force F d = 0.8 nN. Conversely, the movement of particular V. convallaria cells in different directions generated a rotational moment that rotated a glass grit. For example, a grit measuring approximately 200 µm × 500 µm was rotated by three cells (Fig.  5) . Although the size of the grit was several times that of each cell, the grit was rotated by the coordinated contraction and extension of the cells. Figure 5(c) shows the variation of the angleθ (defined in Fig. 5(a) ) with time. Within approximately 5 s, the contraction and extension of V. convallaria rotated the glass grit from 14° to 9° and returned it to its original position. The contraction and extension of the cell stalks and the zooids contributed to the generation of the rotational force. This glass grit actuated by V. convallaria is the largest size we have observed. This efficient actuation can be explained in terms of the position vector of V. convallaria r and the force vector produced by V. convallaria F. The torque on the grit τ τ is given by the cross product: = × . The cells of V. convallaria were located at sufficient distances from the rotational center to produce rotation. In addition, the force vectors were in the directions of increasing the total torque.
We estimate the generated torque between the grit (approximately 200 µm × 500 µm) and the glass surface. The grit is modeled as a disk with a diameter of 300 µm. The drag force at a given point under the rotating object is calculated as
where r is the distance from the center of rotation, h is the width of the gap between the object and the surface, µ is the viscosity of water at 25°C (0.89 × 10 -3 Pa s), and ω is the angular speed. The gap (h) corresponds to the average diameter of the cell bodies of V. convallaria (35 µm). The total drag torque between the rotating disk and the surface T is calculated by integration over the area of the disk. T is given by:
where d is the diameter of the disk. These calculation leads to the following estimate T = 6 × 10 -14 N m for the contraction and T = 6 × 10 -16 N m for the extension.
The positions of V. convallaria can be optimized to rotate objects based on torque and displacement. The forces of V. convallaria are assumed to be constant. To increase the rotational displacement, V. convallaria should be placed near the axis of rotation. To increase the torque, V. convallaria should be placed away from the axis of rotation. The position of V. convallaria can be controlled by trapping and closing V. convallaria in a microchamber with pneumatic valves (Nagai, et al., 2013b) or patterning a calcium alginate membrane (Nagai, et al., 2013a) and selectively dissolving the membrane. Whereas the V. convallaria cells displaced thin glass grits of thickness up to tens of micrometers, there was no noticeable displacement of grits thicker than 100 µm. The thicker glass grits sank and pushed the cells against the dish owing to the high volumetric effect. In order to move an object, the maximum force generated by the stalk of a cell, approximately a few hundred nanonewtons (Nagai, et al., 2010a , Ryu, et al., 2012 as well as a cell body must overcome a resistive force. The resistive force dominated by viscous drag on the bottom and side surfaces increases with the volume of an object. According to Eq. (2), the drag force on the bottom is proportional to the fourth power of the object diameter and inversely proportion to the gap between the object and the surface, which is increased by its weight. The drag force exerted on the side of the object also increases with the height. The objects with appropriate diameter and height determining drag forces can be fabricated to resolve this issue.
Conclusions
Our observation by a microscope confirmed the attachment of the objects to the cells and the actuation of the objects by the contraction and extension of V. convallaria. We have thus developed a method of reciprocating micro-objects by using the cells of V. convallaria. The developed attachment method requires only PLL coating of the objects, which is simpler than the use of streptavidin-biotin binding, which requires surface functionalization of the Optimization of object shape to reduce a drag force or increase of coordinated cells exceeds the size limitation and thus may extend the range of micromechanical applications. The actuation of objects by V. convallaria may be applied, for example, to biohybrid systems. The advantage for using reciprocating motion is that it is appropriate for realizing bistable microdevices. Fig. 6 shows a possible application of this binding method. A Ca 2+ responsive ball-type microvalve is powered by V. convallaria. The valve consists of an engineered SiO 2 microsphere, V. convallaria, and a microchannel with a narrow segment. V. convallaria is allowed to adhere to the channel surface, and the PLL-coated sphere is attached to the cell body. The contraction and extension of V. convallaria closes and opens the narrow segment. If the pressure difference is 40 Pa and the diameter of circular opening is φ40 µm, the required force to fully close the valve is 50 nN. The contraction and extension of an extracted Vorticella stalk in a microsystem similar to this one can be controlled by changing the concentration of Ca 2+ (Nagai, et al., 2010b (Nagai, et al., , 2013c Vorticella cells. Micro-objects larger than particles of diameter 8 µm were actuated by using PLL as an adhesive material. Microspheres of diameter 21 µm and submillimeter glass grits were coated with PLL and attached to V. convallaria. The adhesive force and the drag force have been characterized hydrodynamically. The contractionextension cycle of a contractile filamentous stalk of V. convallaria was used as a linear reciprocating machine. The actuation of large objects extends the range of possible micromechanical applications. Because our method integrates Vorticella bioactuators in engineered structures, it should be possible to use them in biohybrid micromechanical systems.
